Molecular chaperones such as Hsp70s, characterized by their ability to bind to short hydrophobic stretches of polypeptides, facilitate protein folding in living cells (18) . The highly conserved Hsp70 genes have evolved into complex multigene families in many organisms. For example, the yeast Saccharomyces cerevisiae has 14 Hsp70 genes. Two of these, SSB1 and SSB2, encode the 99% identical proteins Ssb1 and Ssb2 (hereafter referred to as Ssbs) (25) . Ssbs, abundant proteins stochiometrically associated with ribosomes, can be cross-linked to nascent polypeptide chains that extend only 10 to 20 amino acids beyond the exit tunnel of the ribosome (15, 19, 30) . The evolution of Hsp70s that are ribosome associated and their association with newly synthesized proteins have led to the hypothesis that Ssbs are involved in the folding of proteins as they emerge from the ribosome.
Hsp70s do not function alone, but rather with cochaperones called J proteins, which serve to stimulate Hsp70's ATPase activity, thus facilitating their interaction with polypeptide substrates (5) . Zuo1, a ribosome-associated J protein, is the proposed partner of the Ssb Hsp70s. ⌬ssb1 ⌬ssb2 (⌬ssb1,2) and ⌬zuo1 cells, as well as ⌬ssb1,2 ⌬zuo1 cells, have the same phenotypes: slow growth, particularly at low temperatures, and sensitivity to the aminoglycoside class of protein synthesis inhibitors and NaCl (14, 19, 42) . This similarity in phenotypes among strains lacking Ssb and Zuo1 individually, or together, is consistent with a required partnership between the two proteins.
Aminoglycosides, antibiotics that bind to the small ribosomal subunit, affect translational fidelity, as well as the rate of translational elongation (4, 27) . Particular alterations in rRNA or certain ribosomal proteins that render cells more sensitive to aminoglycosides also increase the amount of misreading, causing nonsense suppression, that is, insertion of amino acids rather than chain termination at stop codons, and missense suppression, the substitution of an inappropriate amino acid (7, 28, 37) . In addition, because aminoglycosides are cations, mutations in genes encoding certain transporters in the plasma membrane (21, 24) or components of the secretory machinery (9) affect sensitivity to aminoglycosides.
Ion homeostasis is maintained within cells by a complex network of transporters and their regulators (33) . Critical to ion transport is the highly negative membrane potential, which is determined primarily by the relative activities of the protonpumping ATPase Pma1 (11) and the Trk1 and Trk2 K ϩ transporters (13) , which pump large amounts of K ϩ , thus maintaining the high potassium levels required within the cell. Low sodium levels are maintained within the cell in good part by the action of the Na ϩ exporter Ena1 (16, 41) . Other cation transporters of the plasma membrane have been genetically identified in yeast (40) . Additional, yet to be identified, transporters are thought to be present in the plasma membrane as well. Their existence is only surmised, based on the observed transport of some cations in the absence of the known K ϩ transporters. However, this prediction is supported by the presence of unstudied open reading frames in the yeast genome that encode proteins having sequence similarity with known transporters (2) . The activity and expression of transporters are regulated by a complex network of transcriptional and posttranslational regulators. The Hal4 and Hal5 kinases, which activate the Trk1 and -2 transporters (23), are one such example.
The physiological basis of the ssb1,2 and zuo1 phenotypes is not known. Based on the belief that a better understanding of the cellular defects caused by the absence of these chaperones will aid in understanding their in vivo function(s), we set out to establish the basis of the sensitivity to aminoglycosides. We found ssb1,2 and zuo1 mutants to be sensitive to all cations tested and to have increased intracellular Li ϩ and Na ϩ concentrations compared to wild-type cells after exposure to these cations. We conclude that a defect in ion homeostasis is responsible for many pleiotropic effects of the absence of the ribosome-associated chaperones Ssb and Zuo1, including sensitivity to aminoglycosides.
MATERIALS AND METHODS
Strains and growth media. Yeast strains used are isogenic with either a derivative of S288C, DS10 (his3-11,15 leu2-3,112 lys1 lys2 ⌬trp1 ura3-52), or W303, W303-A1 (his3-11,15 leu2-3,112, trp1-1 ura3-1 ade2-1 can1-100). In both strain backgrounds the same deletions, ssb1::TRP1 and ssb2::LEU2 (HE1 or NL226a) or a zuo1::HIS3 deletion (HE13 or HE5) were used (10, 29, 38) . These strains are [PSI ϩ ]. Very similar results were obtained in the two strain backgrounds. In addition, the following strains derived from W303-1A were used: SKY637 (hal4:: LEU2 hal5::HIS3), SKY697 (ena1-4::HIS3), and W⌬3 (trk1::LEU2 trk2::HIS3) (17, 23) .
Strains were generally grown in rich medium containing 1% yeast extract-2% peptone-2% dextrose (YPD) or minimal medium (0.67% yeast nitrogen base without amino acids-2% dextrose, supplemented with all amino acids and bases except those needed for selection). pH 3.5 YPD plates were prepared by adjusting a twofold-concentrated YPD stock solution containing 50 mM succinic acid to the desired pH with Tris prior to autoclaving and then mixing with a concentrated agar solution before pouring. pH 5.5 and 7.5 YPD plates were prepared by adjusting the pH with potassium phosphate buffer. For testing potassiumdependent phenotypes, strains were grown in synthetic dextrose arginine phosphate medium, pH 5.8 (1, 32) , which is deficient in K ϩ . For comparison of growth log-phase liquid cultures grown in YPD were diluted and spotted onto agar plates and incubated at 30°C. Plates were monitored for growth after 1, 2, and 3 days. Growth was scored on a scale of 4 to 0, with 4 indicating growth of the particular strain at 30°C on normal YPD (pH 5.5) and 0 indicating absence of growth. Plus and minus signs next to the numbers were used to indicate slightly faster or slower growth, respectively.
Assays for translational fidelity. Cells were grown in selective medium to mid-exponential phase at 30°C. The amount of aminoglycoside added to the medium was that which had been previously determined to slow the growth of the mutant cells by approximately 50%. Because of the decreased sensitivity of strains growing in minimal medium compared to that of strains growing in rich medium, those concentrations of hygromycin in rich and minimal media were 3 and 100 g/ml, respectively. The drug was added approximately 8 h prior to harvest of the cells. For experiments in which hal4,5 cells were tested, cells were grown overnight in selective minimal medium, harvested by centrifugation, and resuspended in rich medium prior to the addition of the drug due to the poor growth of hal4,5 cells in minimal medium. Plasmid retention was determined to be comparably efficient in all strains over the 8-h period of the experiment.
␤-Galactosidase. Yeast strains were transformed with one of the pUKC815, -817, -819 vector series, having either a wild-type lacZ gene or a stop codon inserted after the translational initiation codon (36) . ␤-Galactosidase activity was determined as previously described (10, 12, 35) and was calculated as nanomoles of ortho-nitrophenol formed per minute per unit of cell culture optical density at 600 nm per milliliter of culture volume and expressed as a percentage of control ␤-galactosidase activity measured in a transformant having the wild-type lacZ gene. Variability in measured ␤-galactosidase levels among different transformants of the same strain was found to be Ͻ10%. Assays from cultures of individual transformants were performed in duplicate.
CAT. Chloramphenicol acetyltransferase (CAT) activity was measured with the fluorescent FAST CAT Green (deoxy) CAT assay kit (Molecular Probes), according to the manufacturer's instructions, with minor modifications. Yeast strains were transformed with one of the pUKC618, -619 vector series (37) carrying the wild-type or mutant CAT genes. Cells were harvested, washed, and resuspended in 50 l of 40 mM Tris-HCl (pH 7.4)-1 mM EDTA-180 mM NaCl solution, glass beads were added, and the mixture was subjected to vortexing for 5 min. Sixty microliters of cell lysates was mixed with 10 l of FAST CAT substrate reagent and 10 l of 9 mM acetyl-coenzyme A. The assay reactions were performed at 37°C for 3 h, and the reaction was stopped by addition of 1 ml of ice-cold ethyl acetate. The reaction substrate and product were resolved by thin-layer chromatography on silica gel 60 plates (Merck) in chloroform-methanol (85:15, vol/vol) solvent. The unconverted CAT substrate and the acetylated product derivative were scraped from the plate after visualization by UV illumination and dissolved in 200 l of methanol, and fluorescence was measured. The percentage of conversion of substrate to acetylated product was calculated by dividing the product fluorescence intensity by the sum of the product and the substrate fluorescence intensities.
Analysis of intracellular levels of salts. Cells were grown in YPD to an absorbance of 0.6 to 0.7 at 600 nm, centrifuged for 5 min at 1,900 ϫ g, resuspended at the same concentration in YPD containing salt, and incubated at 30°C. Aliquots of 10 ml were removed, centrifuged for 5 min at 2,000 ϫ g at 4°C, and washed twice with 10 ml of ice-cold washing solution (20 mM MgCl 2 and 1.5 M sorbitol) by resuspension and subsequent centrifugation. The cell pellets were resuspended in 1 ml of cold washing solutions, centrifuged again, and resuspended in 0.5 ml of 20 mM MgCl 2 . Ions were extracted by heating the cells for 15 min to 95°C. After centrifugation to remove cellular debris, aliquots of the supernatant were analyzed with a flame atomic absorption spectrophotometer (Solaar Unicam 969).
For lithium efflux experiments, cells were incubated for 1 h with LiCl as described above, centrifuged, washed once, and resuspended at the same concentration in YPD. Aliquots of 10 ml were processed as described above.
RESULTS
Increased misreading in ssb and zuo1 cells in the presence, but not absence, of hygromycin B, relative to wild-type cells. Our goal was to understand the basis of the aminoglycoside sensitivity of strains lacking the Ssb and Zuo1 molecular chaperones. Since Ssb and Zuo1 are ribosome-associated chaperones and since aminoglycosides bind to ribosomes and affect translational fidelity, we first tested if cells lacking these chaperones had increased levels of misreading. We used two assays to assess misreading. First, we tested suppression of nonsense codons using genes encoding ␤-galactosidase having either a TAA or TGA stop codon near the translation initiation codon. In wild-type cells, the ␤-galactosidase activity in cells harboring the gene with a TAA stop codon was 0.013% of the activity in cells having the control gene lacking the stop codon (Table 1) . For the TGA codon, 0.017% readthrough was observed. Very similar values were obtained for both the ssb1,2 and zuo1 mutants, with the greatest difference being a 1.4-fold-higher value for TAA codon readthrough in ssb1,2 cells than in wildtype cells, that is, 0.018 compared to 0.013%. 
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To assess suppression of missense codons, we utilized a previously described system that is based on a mutation that encodes a single amino acid change, His195(CAC) to Tyr195 (UAC), in the active site of type III CAT (CATIII) (37) . CATIII having tyrosine at position 195 is completely inactive but is as stable as the wild-type protein (37) . Activity is restored if histidine is incorporated by a misreading of the UAC codon. In our wild-type strain that carried the CATIII gene having the mutation, enzyme activity was 0.0037% of that found in a strain harboring the wild-type gene. Very similar levels of CAT activity were found in the ssb1,2 and zuo1 strains, 0.0039 and 0.0035%, respectively. Thus we conclude that no significant increase in misreading of either nonsense or missense mutations occurred in the ssb1,2 and zuo1 strains under the conditions we tested.
To compare the levels of misreading in the presence of the aminoglycoside hygromycin B in wild-type and mutant strains, we added the drug to cultures growing in minimal media at a concentration that slowed the growth rate of the mutant strains by 50%. Under these conditions, ssb and zuo1 cells displayed significantly more misreading of both nonsense and missense codons than the wild-type strain. While the wild-type strain had approximately twofold-higher misreading in the presence of the drug, the mutant strains had between four-and sixfold higher rates (Table 1) . Similar results were found in the presence of another aminoglycoside known to affect translational fidelity, paromomycin (data not shown).
ssb1,2 and zuo1 cells are hypersensitive to a variety of cations. Since we found significant enhancement of misreading in mutant cells compared to wild-type cells only in the presence of the drug, other possible reasons for the extreme sensitivity of the ssb1,2 and zuo1 strains to aminoglycosides were investigated. We previously reported that ssb1,2 and zuo mutants were sensitive to NaCl (42) . Since both NaCl and aminoglycosides are cations, we tested whether ssb1,2 and zuo1 mutants were hypersensitive to other cations added to the growth medium. ssb1,2 and zuo1 cells were found to be sensitive to the addition of a variety of cations other than Na ϩ , particularly Mn 2ϩ and Li ϩ (Table 2 ). However, growth was not inhibited in the presence of 1 M sorbitol, indicating that the observed sensitivity to cations was not due to an increase in osmotic strength of the medium.
The general sensitivity of ssb1,2 and zuo1 mutants to cations is reminiscent of the sensitivity of mutants having altered activity of transporters located in the plasma membrane (21) (22) (23) . Therefore, we compared the growth rates of strains containing deletions of the genes encoding the major K ϩ transporters Trk1 and -2 and the Na ϩ exporter Ena1. We also tested a hal4,5 mutant, which lacks kinases that activate Trk1 and -2. All mutant strains showed an enhanced sensitivity under a subset of conditions compared to the wild type ( Fig. 1A ; Table  2 ). As reported previously, ena1-4 mutants were extremely sensitive to Na ϩ and Li ϩ , but not to aminoglycosides (16, 41) (Table 3 ). In addition, ssb1,2 and zuo1 cells, as well as trk1,2, hal4,5, and ena1-4 cells, grew slowly in minimal medium having very low levels of potassium, while wild-type cells did not (Fig. 1B) . This growth inhibition was reversed by the addition of K ϩ to the medium. However, the phenotypes of ssb and zuo1 cells were not identical to those of trk1,2 or hal4,5 cells. Under one condition ssb and zuo1 cells displayed growth defects when trk 1,2, hal 4,5, or ena 1-4 cells did not: the presence of high levels of potassium in medium having a pH of 7.5, rather than 5.5, the pH at which yeast is usually grown (Fig.  1B) .
Experiments described in the ensuing sections of this report were performed in order to compare phenotypes of chaperone mutants with those of mutants having lower activity of plasma membrane transporters. Most were done with the hal4,5 strain, 2 ; data not shown). On the other hand, hal4,5 cell growth was partially inhibited at 1.5 g/ml and was completely inhibited at 4 g/ml. On paromomycin-containing plates, ssb1,2 and zuo1 cells were partially inhibited at 5 g/ml and completely inhibited at 15 g/ml and hal4,5 cells were partially inhibited at 15 g/ml and completely inhibited at 50 g/ml. Therefore, hal4,5 cells required three-to fourfold more aminoglycoside for growth to be inhibited to the same extent as it was for ssb1,2 or zuo1 cells. However, this difference is minimal when considering that no inhibition of growth of wild-type cells was
observed at the highest concentrations tested, 30 g/ml for hygromycin or 1,500 g/ml for paromomycin. The rate of cation influx is greater in ssb and zuo1 cells than in wild-type cells. Previous work demonstrated that trk1,2, hal4,5, and ena1-4 mutants accumulate higher levels of toxic cations than wild-type cells. The sensitivity of ssb1,2 and zuo1 mutant cells to toxic cations suggested to us that the intracellular ion level may also be higher in the chaperone mutants. To test this idea directly, we first measured the intracellular Na ϩ concentrations in wild-type, ssb1,2, and hal4,5 cells by atomic absorption spectrometry, both before and 60 min after challenge with 0.1 M NaCl (Fig. 3) (Table 4) .
It was demonstrated previously that the increase in intracellular cations in hal4,5 and trk1,2 cells is due to an increased rate of influx (23) . To assess whether the increase in cation concentration in the chaperone mutants was due to an increased influx or decreased efflux, we measured the rate of decrease in cations after challenge. First, we carried out a time course of intracellular Li ϩ concentration after the addition of LiCl to wild-type, ssb1,2, and zuo1 cells. Within 20 min of LiCl addition, the intracellular Li ϩ levels in ssb1,2 and zuo1 cells had plateaued. At 20 min the concentration in wild-type cells reached a level four to five times lower than that found in the mutants; however, this level gradually increased, reaching 50 to 60% of the level found in the mutants by 120 min after addition (Fig. 4A) . In summary, the chaperone mutants showed increased accumulation of the cations Na ϩ and Li ϩ .
FIG. 2.
Comparison of the sensitivities of ssb1,2, zuo1, and hal 4,5 mutants to hygromycin B (hygB), paromomycin (paro), and LiCl. Tenfold serial dilutions of the indicated strains were spotted onto rich media containing the indicated additions. wt, wild type. Plates were incubated at 30°C for 2 days. 
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To assess the relative rates of efflux of Li ϩ , cells were harvested by centrifugation 60 min after addition of 0.1 M LiCl, washed, and resuspended in media containing no additions. At various times, aliquots were removed and the intracellular Li ϩ levels were determined (Fig. 4B) . The rates of decrease in intracellular Li ϩ in all three strains were very similar. Therefore, we conclude that, in the ssb1,2 and zuo1 mutant cells, the increase in intracellular Li ϩ concentration is primarily due to an increased influx of the cation. hal4,5 mutants show an increase in misreading in the presence of aminoglycosides, as do ssb mutants. The results presented above demonstrate that ssb1,2 cells accumulate higher intracellular concentrations of the cations Li ϩ and Na ϩ than do wild-type cells. These results suggested to us that the cause of increased misreading in these mutants might be that they had a higher internal concentration of the cationic aminoglycosides than wild-type cells, even when the concentration in the surrounding medium is the same. If so, then mutants having defects in transporter function ought to also have increased levels of misreading in the presence of the drug. Therefore we compared levels of misreading using the CATIII missense assay described above for wild-type, ssb1,2, and hal4,5 cells in the presence of paromomycin or hygromycin B (Fig. 5) . While in the absence of the drug there was less than a twofold difference in misreading among the strains, both ssb1,2 and hal4,5 mutants displayed significantly greater misreading in the presence of the drug than did the wild-type strain. For example, under conditions where the wild type displayed a 6-fold increase in misreading in the presence of paromomycin (0.003%) compared to that in the absence of the drug (0.0005%), ssb1,2 and hal4,5 mutants displayed 36-and 12.5-fold increases (0.018 and 0.010%), respectively. Similarly, in the presence of a concentration of hygromycin B in which the wild type showed the same percentage of misreading as it showed in the absence of the drug (0.0004%), misreading in ssb1,2 and hal4,5 cells increased 4-and 3.2-fold, respectively, to 0.0016 and 0.0013%. This increased misreading relative to the wild type in a hal4,5 strain in the presence of aminoglycosides supports the idea that alteration in cation homeostasis substantially affects the translational misreading caused by aminoglycosides.
FIG . 3 . Intracellular cation concentration in ssb1,2 and hal4,5 cells after NaCl addition. NaCl was added to a final concentration of 0.1 M to log-phase cultures of the indicated strains. Sixty minutes after addition of salt, the cells were washed and lysed as described in Materials and Methods. The concentrations of K ϩ and Na ϩ in the cell lysate were measured by atomic absorption spectroscopy. The highest concentration of K ϩ or Na ϩ was arbitrarily set at 1. wt, wild type. 
DISCUSSION
The results reported here demonstrate that ssb1,2 and zuo1 cells are sensitive to a wide range of cations. That these chaperone mutants have increased internal concentrations of Na ϩ and Li ϩ after challenge with NaCl and LiCl relative to the wild type indicates that these mutant cells have defects in cation homeostasis. Consistent with this idea, Jones et al. (20) reported a six-to sevenfold-higher intracellular level of guanidine in ssb1,2 mutant cells than in wild-type cells after addition of radiolabeled guanidine. Although not discussed in that report, guanidine is a cation. This increase is quite comparable, considering the differences in experimental conditions, to the three-to fourfold increase relative to wild-type cells that we report here for Li ϩ and Na ϩ . We propose that the transport of cations across the plasma membrane is altered in mutants lacking Ssb and Zuo1 and that this results in wide-ranging pleiotropic effects, including the hypersensitivity of ssb1,2 strains to the curing effects of guanidine on the prion [PSI ϩ ] (8, 20) .
The phenotypes of ssb1,2 and zuo1 mutants described were not identical to those of mutants having defects in a single type of transporter. However, the chaperone mutants had sensitivities very similar to those of strains having decreased function of Trk1 and Trk2, the major transporters of K ϩ into the cell. At first glance, an increased influx in cations in a transporter mutant is counterintuitive. However, it is well established that the highly negative potential across the plasma membrane is the driving force of cation transport. This potential is "set" by the relative activities of Pma1 H ϩ -pumping ATPase, the main generator of the membrane potential, and Trk transporters, the main consumers. Thus, trk mutants, or mutants whose mutations affect the expression of Trk transporters, such as the hal4,5 mutant, are sensitive to a wide variety of cations due to an increased influx, primarily because of the increased membrane potential in such strains. Presumably this increased transport occurs through the yet to be molecularly defined nonselective channels (1-3) . Unfortunately, the direct analysis of Trk1 and -2 and the measurement of the membrane potential in yeast are problematic. Nevertheless, our data are very consistent with the idea that the general sensitivity of ssb1,2 and zuo1 mutants to toxic cations is caused by an increased influx due to an increased membrane potential. This idea is supported by the fact that hal4,5 cells show similarly increased levels of misreading in the presence of aminoglycosides as ssb1,2 and zuo1 cells, as well as lowered accumulation of Li ϩ . We initiated the experiments reported here to test our hypothesis that the aminoglycoside sensitivity of the ssb1,2 and zuo1 strains was due to an innate difference in the ribosomes or the translation process in cells having mutations in genes encoding ribosome-associated molecular chaperones. Even though our results strongly indicate that cation influx defects are the primary cause of the hypersensitivity to aminoglycosides, they do not necessarily mean that there are no differences between the translational apparatuses of mutant and wild-type cells that could contribute to the aminoglycoside sensitivity. In light of the similar sensitivities of the chaperone and hal4,5 mutants to LiCl, it is possible that the slight difference in drug sensitivity between strains is due to an additional effect of the lack of Ssb or Zuo1 directly on the structure of ribosomes, or the fidelity of translation in the presence of aminoglycosides. A paper published when this report was under review (31) supports this possibility. A twofold increase in nonsense suppression, but not missense suppression, in ssb1,2 and zuo1 strains in vivo in the absence of aminoglycosides was reported. The difference between their observation and ours may be due to the constructs used to monitor translational fidelity. We were measuring normal, low levels of misreading, between 0.003 and 0.02%, while Rakwalska and Rospert (31) used a construct having a nonsense codon in a nucleotide context that promotes high levels of misreading, ϳ10%. However, it is also possible that differences in other physiological parameters, such as intracellular pH, caused by the alteration in ion homeostasis may be the cause of the slightly different sensitivities to aminoglycosides. Intracellular pH is intimately tied to ion transport and is normally tightly regulated because of its effects on proteins and cellular biochemical reactions (26) , which may well include translation. Effects of aminoglycosides could be magnified by changes in the translational apparatus caused by differences in intracellular pH. Regardless of the cause of these differences in aminoglycoside sensitivity between chaperone mutants and mutants having decreased transporter activity, the minimal differences compared to the exquisite sensitivities of both types of mutants relative to those of wild-type strains make a strong argument for the major cause of aminoglycoside sensitivity of ssb1,2 and zuo1 cells being altered cation transport.
Although our results support increased influx of cations in the chaperone mutants, they do not explain the basis of this effect. We favor the idea that there is a flaw in some aspect of the biogenesis of the plasma membrane. Such a general defect would be consistent with our observation that the sensitivi- ties of ssb1,2 and zuo1 mutants were not identical with those caused by disruption of a single transporter and the well-established fact that mutations in genes encoding components of the secretory pathway are sensitive to aminoglycosides (9) . Also, supporting this idea, our preliminary results suggest decreased levels of a number of plasma membrane proteins (data not shown).
Based on reported analyses of ssb1,2 mutants, we can envision two possible reasons for a general defect in plasma membrane biogenesis. First, since interaction between WD40 proteins and Ssb have been observed in vivo, it has been proposed that Ssbs are particularly important in the folding of proteins containing this fold (34) . Yeast contains 89 proteins having the WD40 motif (6, 39) . Of those 16 have been shown to be involved in the secretory pathway. Thus it is plausible that ssb1,2 mutants have a general defect in the secretory pathway, which is responsible for the maturation of integral membrane proteins, including those of the plasma membrane. Alternatively, Ssb and Zuo1, as ribosome-associated chaperones, could play a more direct role in the cotranslational insertion of proteins into the endoplasmic reticulum membrane, also a process critical to maturation of membrane proteins. Further analysis is required to distinguish among such possibilities.
